The transfer of Ca4' at rest and during contraction has been measured in isolated guinea-pig atria. During contraction, the rate of transfer increases considerably. The increment in the uptake of calcium by the cells of the atria during contraction is closely correlated with the strength of contraction. This relationship is maintained at different frequencies of stimulation and at different concentrations of external calcium.
T HE IMPORTANCE of calcium in the contraction of heart muscle has been known since the experiments of Ringer.1 Early work2' 3 focused primarily on the dependence of the strength of contraction on the concentration of calcium ions in the bathing solution. More recently an antagonism between sodium and calcium ions at the cell surface has been inferred from the observation that the effects of a decrease in extracellular sodium concentration and an increase in extracellular calcium concentration on twitch tension are similar. 4 The observation that withdrawal of calcium ions from the bathing solution caused rapid disappearance of mechanical but not of electrical activity of isolated heart muscle implicated the calcium ion as the excitation-contraction link. 5 In a series of studies on frog ventricular strips, Niedergerke and Liittgau6 showed that changes in external sodium and calcium concentrations very rapidly altered the characteristics of potassium-induced contracture and that these changes in contracture tension could be produced even after the initial potassium depolarization was complete. Figures 1 to 3* are taken from the work of Niedergerke, 7 and Niedergerke and Lfittgau.6 Figure la and b shows the effect of replacement of sodium in the bathing solution at the beginning of a potassium-induced contracture. In figure 2at the ventricle was depolarized by 100 mM potassium in the presence of 10 mM calcium, while in figure 2b the initial depolarization occurred in 0 Ca, 100 mM potassium but after 90 seconds the solution was changed to one containing 10 mM Ca, 100 mM potassium. The any correlation existed between the size of the calcium influx per beat and the twitch teiLsion. Table 1 consists of the results of experimllents performed to study the effect of different external calcium coilcentrations and different frequencies of contraction on both the calcium uptake aiid the streiigth of contraction. Calcium uptake per beat and twitch tension for each condition are expressed in per cent relative to the values at a contraction frequency of 30/mim. in 2.5 mM calcium, the latter having been arbitrarily assigned a value of 100 per ceIlt.
The fig. 7) , a consistent correlation between the 2 parameters exists. A straight line closely fits the data and its failure to pass through the origin is not statistically significant.
These data demonstrating the increment in calcium influx associated with contraction are consistent with the hypothesis that calcium movement into the cell with depolarization couples excitation with contraction. They suggest, also, that such a link is a factor in determining the strength of the twitch.
In an analysis of the increment of calcium influx associated with contraction one may consider: (1) the source of this calcium; (2) the mechanism by which it enters the cell; (3) the time in the cardiac cycle during which the added calcium enters the cell; and (4) the possible mode of action inside the cell. Niedergerke's data9" 10, 12 suggest that superficial sites in the resting cell bind calcium and that certain changes in the composition of bathing solution which produce increased twitch tension are associated with greater binding of calcium by the resting tissue. Moreover, experiments already mentioned show that similar changes in the composition of the bathing solution during a maintained potassium depolarization are rapidly followed by changes in contracture tension. An additional pertinent observation is that of Weidmann,13 who demonstrated in turtle ventricle that a sudden increase in the concentration of calcium in the extracellular space during the initial stages of a twitch produced a more rapid rate of tension development and a greater peak tension than occurred at the lower calcium concentration. In addition, the increase in calcium concentration was accompanied by a shortening of the action potential. A hypothesis that incorporates these data with the observed correlation between the rate of calcium influx during a contraction and the size of the contraction would be the following: the calcium that enters the cell with contraction comes from With respect to this quantitative relationship of calcium taken up during contraction to actomyosin, it is interesting to note the calculation of H. E. Huxley18 that each thick filament in skeletal muscle contains about 400 myosin molecules. If a similar condition exists in the heart, the ratio of calcium ions taken up in a maximal contraction to the number of thick filaments is 1.6:1.
If the calcium that enters the cell with contraction is assumed to achieve immediate uniform distribution in the cell water, the concentration would be 1.2 X 1O M. Any non-uniform distribution would produce regions within the cell of higher "calcium concentrations." This value of ionized calcium inhibits the relaxing-factor activity in vitro. 19 Ebashi has further shown that the relaxingfactor system binds calcium tightly and that procedures which decrease calcium binding proportionately decrease relaxation activity. He has demonstrated that other calcium chelating agents have relaxation activity proportionate to their ability to chelate calcium. 20 It is possible therefore that the calcium that enters the cell during excitation inhibits the relaxing system and thereby initiates contraction, or that it activates contraction, relaxation occurring by the removal of the calcium by the relaxing system.
